In this paper, the structural, elastic and thermodynamic properties of CdO under dierent pressure range have been reported. An extended interaction potential model (including the zero point energy eect) has been used for this study. Phase transition pressures are associated with a sudden collapse in volume. At compressed volume, the present oxide is found in cesium chloride (CsCl) phase. The calculated second order elastic constants and their various combinations have been reported in dierent pressure range. The calculated values have been compared with available results. Our values have been found in good agreement with existing ndings.
Introduction
The group-IV wide-gap semiconductor materials are very important because of their opto-electronic technological applications. They are used as commercial short wavelength light-emitting diodes, laser diode candidates by p-type doping with nitrogen, transparent conductors, solar cells, high-density optical memories, and visual displays. These properties arise because of the role of d-electrons in the valence band in hybridization [13] . Many researchers have focused on a cadmium oxides (CdO) because of a wide range of technical applications for example as transparent electrodes, display devices, sensors, diodes, gas sensors etc. These uses of CdO stand on its specic optical and electrical properties [4] . Cadmium oxide is an n-type semiconductor that crystallizes in rock-salt structure at normal conditions. It presents an optical band gap of about 2.3 eV, with an indirect band gap of 1.36 eV [5] .
The phase transition pressure of CdO from NaCl (B1) to CsCl (B2) has been studied at 85 GPa, by Schleife et al. [6] and 515 GPa by Jae et al. [7] . The experimental research on the compressibility and phase transition of CdO up to 176 GPa at room temperature using high-resolution angular-dispersive X-ray diraction from synchrotron source combined with the diamond anvil cell technique have been studied by Liu et al. [8] . The phase transition from NaCl (B1) to CsCl (B2)-type structure for CdO was observed at pressure about 90.6 GPa by them. The bulk modulus and equilibrium lattice parameter were estimated by tting the energy as a function of volume according the Murnagham equation of state (EOS) [9] . Guerrero-Moreno and Takeuchi [10] have studied the NaCl (B1) to CsCl (B2) structural phase transition of CdO at about 8991 GPa range. Peng et al. [11] have predicted the pressure dependent Poisson ratio, Debye temperature and shear elastic wave velocities using plane wave pseudopotential method. * e-mail: purveebhardwaj@gmail.com Recently, Dakhel et al. [12] studied the electrical and optical properties, transparent conducting properties, band-gap narrowing from various doping with CdO like iron-doped CdO, samarium-doped CdO, dysprosium--doped CdO and europium-doped CdO. The rst--principles calculations of the elastic and thermodynamic properties for CdO in both the B1 (rocksalt) phase and B2 (cesium chloride) phase have been performed within the framework of density functional theory, using the pseudopotential plane-wave method by Li et al. [13] . X-ray structure factors and Compton proles of CdO are presented by Dhaka et al. [14] . They also performed the theoretical calculations employing the rst-principles linear combination of atomic orbitals (LCAO) method using the CRYSTAL code. First-principles calculations of the crystal structures, and phase transition, and elastic properties of cadmium oxide (CdO) have been carried out with the plane-wave pseudopotential density functional theory method by Peng et al. [15] . Li et al. [13] committed that, however, the accuracy of the predicted phase transition pressure, which was determined from the overlap of the energy-volume curves of B1 and B2 phases, is somewhat questionable. The several factors altering such predictions are the relativistic correction, nonzero temperature, and zero-point motion eect not being included in these calculations. Thus, accurate diraction measurements for CdO were performed in order to check the validity of the theoretically predicted high pressure phase transition.
Seeing at the interesting properties of this less explored CdO and the fact that no work has been done with the potential model including zero point energy eects, the extended interaction potential (EIP) model has been applied, which includes the zero point energy eect in the potential model. In the present model three-body interactions forces have been included. It is seen from the current literature that three-body potential (TBP) model has been found to be remarkably successful in giving the unied description of structural and elastic properties of ionic and semiconducting crystals [1623] . In this TBP model, the three-body interactions owe their origin to (677) the quantum mechanical foundation and also to the phenomenological approach [24, 25] in terms of the transfer (or exchange) of charge between the overlapping electron shells of the adjacent ions in solids. This TBP approach has been extended to include the HafemeisterFlygare (HF) type [26] overlap repulsion operative up to the second neighbour ions for describing, the lattice static and mechanical properties of binary ionic solids and alloys. Also, Tosi and Fumi [27] have demonstrated the significance of van der Waals (VDW) attraction due to the dipoledipole (dd) and dipolequadrupole (dq) interactions to describe the cohesion in ionic solids and they are generally ignored in the rst principle calculations. This model is also able to explain the Cauchy violation (C 12 = C 44 ) in the second order elastic constants while two-body potential model could not explain this violation.
An extended interaction potential model has been applied by including zero point energy eects in TBP for the prediction of phase transition pressures and associated volume collapses in calcium oxide. The zero point energy is the ground state energy of the compound. This term shows a small eect in the Gibbs free energy but to make model realistic it cannot be ignored completely. The purpose of this work is to provide an improved model suitable for the study of structural, elastic, thermophysical and thermodynamic properties of cadmium oxide. The rest of this paper is organized as follows: the method of calculation is given in Sect. 2, the results and conclusion are presented and discussed in Sect. 3.
Potential model and method of calculation
Application of pressure directly results in compression leading to the increased charge transfer (or three-body interaction eect [28] ) due to the deformation of the overlapping electron shell of the adjacent ions (or non-rigidity of ions) in solids. Also we have considered zero point energy eects, which is the lowest possible energy that the compound may possess. The energy of the compound is ε = hν/( e hν/kt − 1) + hν/2, here ν, h, t, and k are the frequency, Planck constant, temperature and Boltzmann constant of the compound. It is clear from the above expression that even at absolute zero the energy of the compound cannot be zero but at least hν/2. Hence there arises a need to include the zero point energy term in TBP approach for better agreement with experimental approaches.
These eects have been incorporated in the Gibbs free energy (G = U + P V − T S) as a function of pressure and three-body interactions (TBI) [28] , which are the most dominant among the many-body interactions. Here, U is the internal energy of the system equivalent to the lattice energy at temperature near zero and S is the entropy. At temperature T = 0 K and pressure (P ) the Gibbs free energies for rock salt (B1, real) and CsCl (B2, hypothetical) structures are given by
with V B1 (= 2.00r
3 ) and V B2 (= 1.54r 3 ) as unit cell volumes for B1 and B2 phases, respectively. The rst terms in (1) and (2) are lattice energies for B1 and B2 structures and they are expressed as
with α m and α m as the Madelung constants for NaCl and CsCl structure, respectively. C (C ) and D (D ) are the overall VDW coecients of B1 (B2) phases, β ij (i, j = 1, 2) are the Pauling coecients. Ze is the ionic charge and b (ρ) are the hardness (range) parameters, r (r ) are the nearest neighbour separations for NaCl (CsCl) structure, f (r) is the three-body force parameter.
The term ω 2 1/2 as the mean square frequency related to the Debye temperature (θ D ) as
Here, θ D can be expressed as [29] :
with B T and µ as the Bulk modulus and reduced mass of the compounds. These lattice energies consist of long range Coulomb energy (rst term), three-body interactions corresponding to the nearest neighbour separation r (r ) (second term), VDW interaction (third term), energy due to the overlap repulsion represented by HF type potential and extended up to the second neighbour ions (fourth, fth and sixth terms), and last term indicates zero point energy eect term.
Results and discussion
The Gibbs free energies contain three model parame-
. The values of these parameters have been evaluated using the rst and second order space derivatives of the cohesive energy (U ) expressed as [1923] :
Using these model parameters and the minimization tech-nique, phase transition pressures of CdO has been computed. The input data of the crystal and calculated model parameters are listed in Table I . 
Structural properties
The B1 (NaCl) structure is most stable in these compounds and at high pressure they transform to body centered B2 (CsCl) structure. As the stable phase is associated with minimum free energy of the crystal, we have followed the technique of minimization of the Gibbs free energies of real and hypothetical phases. We have minimized G B1 (r) and G B2 (r ) given by Eqs. (3) and (4) at dierent pressures in order to obtain the interionic separations r and r corresponding to B1 and B2 phases associated with minimum energies. The factor ∆G [G B1 (r) ∼ G B2 (r )] plays an important role in stability of structures. The phase transition occurs when ∆G approaches zero (∆G → 0). The phase transition pressure (P t ) is the pressure at which ∆G approaches zero. At P t these compounds undergo a B1B2 transition associated with a sudden collapse in volume showing a rst order phase transition. Figure 1 shows present computed phase transition pressure for NaCl-type (B1) to CsCl-type (B2) structures in CdO at 91 GPa, while the experimental value is 90.6 GPa. The present phase transition pressure illustrated by arrows in Fig. 1 and its value have been listed in Table II and compared with their experimental [8] and other theoretical results [6, 7, 10, 11, 13, 15] . It is interesting to note from Table II and Fig. 1 that the phase transition pressures (P t ), obtained from the present model, are in general in closer agreement with experimental data [8] and match equally well with other theoretical results [6, 7, 10, 11, 13, 15] . We have also computed the relative volume changes V (P )/V (0) corresponding to the values of r and r at dierent pressures and plotted them against the pressure in Fig. 2 so we could not compare our results. Present results have been compared with density functional theory, using the pseudopotential plane-wave method by Li et al. [13] . It is obvious from Fig. 2 that the compression curve shows the same trend as reported by others [13] . The values of relative volume changes have also been calculated at dierent pressures. The comparisons of these values with plane--wave pseudopotential density functional theory method [15] have been given in Table IV . Present results are close as reported by Peng et al. [15] .
Elastic properties
The lattice theoretical study of second order elastic constants of cubic crystals has been applied by the method of homogeneous nite deformation. The knowledge of second order elastic constants (SOEC's) and their pressure derivatives are important for the understanding of the interatomic force in solids.
The expressions of SOEC's are as follows:
Using model parameters (b, ρ, f (r)), pressure derivatives of SOEC's have been computed whose expressions are as follows: dB dp = −(3Ω ) −1 13.980Z(Z + 12f (r)) + C 1 − 3A 1
dS dp = −(2Ω ) −1 23.682Z(Z + 12f (r)) + C 1 + (C 2 + 6A 2 − 6B 2 )/4 − 50.0752zaf (r)
dC 44 dp = −(Ω )
and
The values of A i , B i , and C i (i = 1, 2) have been evaluated from the knowledge of b, ρ and VdW coecients.
The study of elastic behaviour under pressure is well known to provide useful information about change in the nature of the covalent and ionic forces induced in the crystal as it is subjected to the phase transformation. The calculated values of SOEC's and their pressure derivatives have been given at P = 0 GPa in Table III. Our results have been compared with available experimental [8] and theoretical results [6, 7, 10, 15] . Experimental data are only available for pressure derivative of bulk modulus.
Furthermore the SOEC's and bulk modulus have been calculated at dierent pressure range 0121 GPa and summarized in Table IV . Our calculated values of SOEC's and bulk modulus have been compared with the plane-wave pseudopotential density functional theory method by Peng et al. [15] throughout the pressure range. It is clear from this table that our calculated values demonstrate the same trend as reported by plane-wave pseudopotential density functional theory method [15] . These SOEC's and bulk modulus have been plotted with pressure range 0121 GPa in Fig. 3 . It is obvious from the gure that C 11 varies largely under the eect of pressure as compared with the variations in the C 12 and C 44 . Since the elastic constant C 11 represents elasticity in length. A longitudinal strain produces a change in C 11 . The elastic constants C 12 and C 44 are related to the elasticity in shape, which is a shear constant. A transverse strain causes a change in shape without a change in volume. Therefore, C 12 and C 44 are less sensitive of pressure as compared with C 11 . C 44 decreases with increase of the pressure while the bulk modulus of CdO increases with increase of the pressure. In Fig. 3 line+solid squares represent the present values and line+solid triangles represent the data reported by Peng et al. [15] . Present results show the same trend as reported by plane-wave pseudopotential density functional theory. Fig. 3 . Variation of SOEC's and bulk modulus with pressure.
It is known that even the cubic crystal which has isotropic structure, has elastic anisotropy as a result of a fourth rank tensor property of elasticity. The elastic anisotropic parameter of cadmium oxide has been calculated, using the following relation:
The calculated values of anisotropic parameter A of CdO have been depicted in Table V with various pressures. For an isotropic crystal the value of A is 1. For any values smaller or larger than 1, there was indicated the presence of anisotropy.
The shear modulus G can be dened by the following equation:
where G V = (2C + 3C 44 )/5, G R = 15(6/C + 9/C 44 ) −1 , where C = (C 11 −C 12 )/2. G V is the Voigt shear modulus and G R is the Reuss shear modulus.
We have also calculated the Young modulus Y , which is related to the bulk modulus B and the shear modulus G by the following equation [23] :
(15) Our calculated values of anisotropy A, shear modulus G, Young's modulus Y of cadmium oxide at zero pressure are also listed in Table V . These values of combination of elastic constants are compared with rst principle calculations performed by Peng et al. [15] . The Poisson ratio of a material inuences the speed of propagation and reection of stress waves. The Poisson ratio is an important property to know the properties of compounds. The Poisson ratio (σ) of present oxide have been calculated, the expression of σ can be given in the following form:
As discussed above Poisson's ratio deals with the way of stretching or compressing an object in one direction, it causes to compress or stretch in the other direction. The ratio measures the extent of this eect in a particular substance. The Poisson ratio has two limits: it must be greater than −1, and less than or equal to 0.5. The calculated values of the Poisson ratio σ for CdO are given in Table VI and they are in abovementioned limit. Our values of Poisson's ratio for CdO at dierent pressures are compared with plane-wave pseudopotential density functional theory method [15] . Present results show the same trend as reported by Peng et al. [15] . Ref. [15] The values of shear modulus (G), Young's modulus (Y ), anisotropy (A) and Poisson's ratio (σ) have been plotted with pressure in Fig. 4 . Present results have been compared for all these values with plane-wave pseudopotential density functional theory method reported by Peng et al. [15] . It is apparent from Fig. 4 that the values of shear modulus, Young's modulus and Poisson's ratio increase with pressure at the same time as the values of anisotropy decrease with increasing the pressure. In Fig. 4 line+solid squares represent the present values and line+solid triangles represent the plane-wave pseudopotential density functional data [15] . Present results demonstrate almost similar behaviour as accounted by Peng et al. [15] except from G and Y . The plot of other [15] shear modulus and Young's modulus increases as a curved form, while our plot increases linearly with pressure. The basic material properties, which are of interest in many manufacturing and research applications, can be determined quickly and easily through computations based on sound velocities. Sound velocity can be easily measured using ultrasonic pulse-echo techniques. In addition, to study the thermodynamic properties of these compounds the average wave velocity v m have been calculated on the lines of Guo et al. [29] . For calculating the average wave velocity v m the expressions are
where v l and v t are the longitudinal and the transverse elastic wave velocities, respectively, which are obtained from Navier's equation in the following forms:
where G is the shear modulus, B is the bulk modulus, and ρ D is the density. The calculated values of longitudinal, transverse and average wave velocities are given in Table V [15] . We have plotted the longitudinal elastic wave velocity (v l ) with pressure in Fig. 6 . This variation of longitudinal elastic wave velocity has been compared with density functional theory, using the pseudopotential plane--wave method performed by Li et al. [13] . It is obvious from Fig. 6 that our values of v l increases with increasing the pressure throughout the pressure range. This plot demonstrates the same behaviour as reported by Li et al. [13] . With the knowledge of molecular force constant (f ) and the reduced mass (µ) of the cadmium oxide crystal the Debye temperature of CdO has been calculated. The detailed expressions are given in our earlier paper [2123] . The frequency with the knowledge of the reduced mass (µ) of the CdO is as follows:
This frequency gives us the Debye temperature
with h and k as the Planck and Boltzmann constants, respectively. Also, thermophysical properties of CdO have also been computed. The thermophysical properties provide us the interesting information about the substance. The Debye characteristic temperature θ D reects its structure stability, the strength of bonds between its separate elements, structure defects availability, and its density. The calculated values of the Debye temperatures have been listed in Table VI at dierent pressures. Due to the lack of experimental data, we could compare them with plane-wave pseudopotential density functional theory method with pressure range 0150 GPa performed by Peng et al. [15] and rst principle calculations performed by Li et al. [13] .
The variation of the Debye temperatures (θ D ) with pressure has been plotted in Fig. 5 . This variation has been compared with density functional theory (DFT) and rst principle calculations in Fig. 5 . It is obvious from the gure that our values of θ D increases with increase of the pressure same as rst principle calculations performed by Li et al. [13] . While according to plane-wave pseudopotential DFT method performed by Peng et al. [15] the variation tendency of θ D is to similar some extent and there is a sudden increase in θ D at pressure 85 GPa.
In view of overall estimation it is clear that the present results are close to available experimental data. The accomplishment attained in the present investigation can be ascribed to the inclusion of charge transfer (or three--body) and zero point energy eect.
Ultimately, it may be concluded that the present EIP model has successfully predicted the compression curves and phase diagrams giving the phase transition pressures, associated volume collapses, elastic and thermodynamical properties correctly for CdO. The inclusion of three body interactions with zero point energy eect has improved the prediction of phase transition pressures over that obtained from the two-body potential and TBI without zero point energy.
